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ABSTRA•T

Presented are results of an experimntal investigation of the plastic

resPonse of two geometrically scaled models of nuclear reactor outer zoataia-

Imnt vessels to internal blast Loading. Tests were perTormed to study the

ability of the containm nt she'll to mintain integrity when subjected to

large amounts of explosively rele3ased energy when -ansqppwed (suspended -.-

air), uhm balf-buried in the ground, and when baif-imbedded in concrete.

The results show that the vessels tested will withstand a relativel, large

amount of explosively released energy, as c--moared to the "m~mm• credible

incident" expected, provided that the welds are adequate and that access or
othe opeing arercp rclyri or-^ .
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S

Tese bo ies have been Conducting for the Atomic tergy Cocission

studies in safety of outer cont*±t structures for nmlear reactors. The

studies he been both aalytical1• and apsrimta with particular ewph%&-

being placed on the response of steel shells of various Saometries to internal

blast loading. An elier report2 gives results at scale model tests of the
containment structures with explosives or propellants being used to simulate

the scaled dom energy releases from nuclear accidents. Results vere presented

for the elastic response phase of the test, including the effects of partial

earth support and a comparison of response to transient internal pressures

vith strins developed under static Internal pressure. One of the obJectives

of those studies was the verification =f the scalinj of the response of the

shells to internal blast loin g.

Tn those studies the structural response scaling lawas verified for the

elastic range. Further, determinations were nde of the magnitudes of the

dynamic strains generated on the shell surface for a given energy release vithin

the shell.

Because a contaient shell need only retnin Intact to perform its function,

It ean be allowed to deform plastically under transient pressure loading. Th•,

studies of the response in the plastic range are desirable. The present york

is a continuation of the early studies into the plastic raage ana --onclud-s

the experimental phase of the investigatios.

To verify further the structural respcrie scaLig laws, Baker et a- ad

prformed a series of experiments on the response ao scaled cantilev-r beam

to blast loading fro explosive charges !eUtsted in air. The results of

those experents also verified scaLong it the response for both the elastic

and plastic ranges for these siqple structures Am subjected to blast loain,-.

SSuperscript nubers dew.-te referencs listed at end of report.

M*Te gwimetrIcal scaling law (sizi~la.-lty p..-nciple) stetes that the timi
histories of dispi•acet Ond stU04 " of a fUl-scale model resulting fron

rsqld release of --ergy from an energy source can be predlctemi trom aeawire-
muet of thes pawsters In a scal model o- the struct-re, rovided hAt
tbe scaling factor is Aplied properly. A thorough discussion of the zel

Mas 1* given in Reference .



Bowever, it is desired (if possible) to test plAstic response scaling of the

larger (and more complex) containment shell grmetries, as voe as to determine

the ultimate strength of the models uier blast loodig.

The containment shell models used in both the elastic and plastic response

tests Vere all ylinders vith hadsberical end caps, of velded construction,
fabricated from sheet steel. Fhigr 1 aao then.sh go

dimensions of each shell in the series. Eacb of the four sbell is a geowtr.-

cal model of the next smller shell scaled up by a factor or two. Figure 2 is

a photograjp of the shells as used in onme series of tests.

The shells were al ahop fabricated except the largest me (20-ft. die.),

vhich vas field erected. Specifications stipulated tht all units were to be

mode from the asa type of steel (i.e., steels having the same elestic and

plastic properties). The steel used in their fabrication conform to AS=

specifications for Type A-2W Grade C. The shels were stress relieved in

accordance vith procedures outlined In Section VIII of ASO code for unfired

pressure vessels.

For the plastic respnse studies only dymic testa were conducted. As

in the earlier (elastic response) studies of these models, sm of the smle

shells were insaruented vith externally wmiwted resistane wire strain gages,

.R-4, Type A-13, mounted at twelve loWatiors. Along the cylindrical center

sections, gages vere positioned to masure taomh lngitudinal and circumferential

strains. Figure 3 soh sch tical.y the strain pip locations.

The shells wee subjected to internal transient leading from properly

scaled, centrally located explasive charges (see Table I and Appendix A for

charge veights used) and strain-tim histories were measur•d at the various
gae positions. The cares were lomered throuS the small opening at the top
of the sbell, suspeaded at the idpoint or belo, ten m th tted. The

* Lw t4ersture stress relief pwoces, as developed by inde, we. used where
ruired in the field erected vessel.

4 The scale factor Is two, ths the cbwv delfhts increase by a factor of 2'

for tests of successive sizes of shells.
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stain-time histories were recorded with a high-frequency response, sixteen-

channel, coemercial recording system. Small spherical charges of 50/50

Pentolite were used, the charge weights being increased on successive tests.

Tests were performed with the models suspended freely in air by means

of a rope sling (Shell No. 2), with the models partially supported by earth

(Shell Nos. 2 and 3), and with the model (shell No. 2) gartially embedded in

concrete. The charge sizes used were gradually increased until failure occurred.

I WATION AND DATA M CTI0ON

The sixteen channeL3 of strain gage information were amplified by d.c.

amplifiers, displayed on eight dual-beam cathode-ray tubes, and recorded on

moving phc~tographic paper. Timing marks and calibration steps are automatically

impressed on the photographic record. Peak strain amplitudes (wherever they

occurred on the pressure-tiae trace) were read. combined calibration and read-

ing errors in meassurement of strain amplitudes are estimated to be :L 5%.

TEST RESULTS

The test resultz are su=:arzed in Table I, while the .datnd-by-roun data are

presented in the Appendices. Table I indicates the range of charge weights

used and location of charges in the models. Indicated also are the maximum

charge ;eights which the models withstood without failing. The ;redicted

mexin- simulated energy release (expressed in megrstt-seconds) in a "full-

scale" model (80-ft. dia.) shell is also given.

plastic range. Three specimens of Shell go. 2 ruptured presturely, the failure

occurring at welded Joints (see Figure 4). These mode.s were instr-mented with

strain gages which are capeble of indicating strains up to approximately 3%.

The gages were used primrily to indicate the point at which plastic deformation

began. Acceptable strain-time histories were obtained for most trials and

* An explosi- having a heat of detonation of 1220 cal./gm. (Reference
DA T-191o),

Swaing a frequency response flat from 3 to 100 CC.
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(before failure of gage leads) for some trials where shell failure occurred.

It is to be noted that because of the premature shell failures all strains

recorded are in the elastic range. Although detailed elastic response data
2

for these models have beev reported earlier, che present data are retained and

relegnted to the Appendix. After replacing all original velds and reinforcing

the access hole with a circular ring in one of the specimens, Shell No. 2

withstood successfully the blast from a series of explosive charge weights up

to and including 3 lbs. Plastic deformation of this model was apparent after

trial 6. An indication of the extent of deformation can be seen in Figure 5.

Two small vertical cracks were observed in the weld at the Juncture of upper

cap and cylindrical section after detonation of a 3.45-1b. charge. The shell

failed when tested with a 3.84-lb. charge (see Figure 6).

In the teet of this model while half-embedded in concrete the shell

withstood the blast from charge sizes up to aad including 1-1/2 lb., but

failed prematrely at the Juncture of the lower cap and the cylindrical

section from a 2-lb. charge.

The larger shell (Shell No. 3), tested when half-buried in earth, vithstood

the blast loading from charge sizes up to and including 15 lbs. without deforming

plastically. The shell ruptured when tested with a 25-3/4- lb. charge. However,

failure here was initiated as a tearing at the arcess hole and is not indicatiDe

of the true vessel strength. The only visible indication of plastic deformation

was that at the midpoint (ground Juncture). Figures 7 through 9 are photographs

taken of this model after test. On request from the Atomic Energy Commission

(beemaxt- of po)ssible further use in no-etx-iv the largest (20-±ft.

dia.) model was not tested in the plastic range. No plastic tests were performed

with the -nallest model (Shell No. 1) as all specimen were destroyed in

ear~ler tests.

DISCUSSION AND COMUSIONS

Althbouh many of the early trials with the smaller models were hampered

by premature weld failures, successful trials were achieved with one specimen

after it had been rewelded. The failures appeared to stem in part from inccnP.-etc

fusion and possibly from inadequate annealing after welding. The relatively

thin material of the smaller models had been butt-welded on the outer surface.

Further, one cap could be welded on the outside ua.Ly, since instalLiation of this
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cap closed the shell. This ditfficulty was not experienced with the larger

vessel because of better accessibility for welding of the interior surfaces.

Although absolute results were obtained with only the smaller model

(both access hole reinforced and adequately welded), one can estimate the

charge sizes which would be required to cause failure of the larger vessels.

The 5-lb. charge which Shell No. 2 withstood is equivalent to 24 lbs. in

Shell No. 3 and 192 lbs. in Shell No. 4.

As can be seen from the data in Table I, the vessels cf the configuration

tested can withstand a large amount of explosively released energy while

maintaining integrity.

It is of intern-' to note that the model sizes were chosen such that the

largest shell of tne series %kot tested in plestic range) is a l!4-scale

model of that of the Air Force Nuclear Engineering Test Reactor. 4* As can be

seen in Table I, the shells tested withstood mn.ny times the "maximum credible

incident" of 1000 No-Sec postulated for this reactor. The adequacy of the

shells is more convincing when it is remembered that test results from erplosives

tend to be "conservative", that is, a structure which will with-tand a given

amount of explosively released energy will withstand maay times the same amount

of energy released at a slower rate. One must b2 assured, of course, that

all welds are at least as strong as the vessel itself and that access or other

openings are properly reinforced. The cumulative effect of progressive testing

on the ultimate shell response cannot be assessed, but .t is believed that some

degradation is inevitable.

An in•ufficleut number of tests was conducted with eccentrically located

charges to enable one to compare results with centrally placed charges. To

test rigorously the structural response scaling law f3r the plastic case, many

more successful trials would have been required. However, as stated earlier,

* A blast effects study of a l/4-scane model of this reactor was conducted
by these Laboratories.

*4 It is recogiized that there are exceptions to this concept. An example
would be the case where the pressure generated is allowed to build up in
an enclosure and then released (possibly propelling a mase), in which ceze
a relatively hightr Impulse would be obtained.

21



the structural 1-esponse scaling laws have been verified with these models for

the elastic range, and with cantil.vei beams for both the elastic and plastic

ranges. Thus it is believed that one can extrapolate with confidence the

results, obtained here to "ful3.-scale" models,
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APPENIX A

Rouncl-by-&nomgl Test Results



Plastic Respcnse of Shells

Round-by-Round Test Results

Shell Trial Test Condition Explosive Explosive Remarks
Ao. Carge Carge

Weipt (1b.) Location

2 1 Suspended in air 1/8 Center
2 1/8
3 3116/6
4 3/16
5 1/4
6 3/8
7 1/2 3"tear at access hole
8 3/4 " Both cap welds failed

2 1 1/8 20" below
Center

2 3/16
3 1/b Center
4 1/4 20" belov

Center
5 " 3/8
6 1/2
7 " 3/4
8 1 Failed at weld

2 1 1/8 Center Rewelded Shell
2

4 1/2

6 1 18" long sew opened in top cap
7 1 Weld repaired - Top cap separated

at weld
8 1-1/2 " Weld repaired - Top cap failed at

veld

2 1 Half-Buried in 3/4 Center Both cwj blown off at weids
Earth

2 3/4 Revelded inside and outside
and access hole reinforced.

3 1 3" long crack in cap segment.
4 1-1/2 Crack repAired.
5 2 Slight bulging at, midpoint of

Oell.
6 3 Increased bulging at midpoint

of shell.
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Plastic Response of Shelis

Round-by-Round Test Results

Shell Trial Test Condition Exlosive Explosive Remarks
No. CMarge Charge

Weight (•lb.) Location

2 1 Suspended in air 1/8 Center
2 1/8 "
3 3/16
4 3/16
5 1 1/14
6 3/8
7 1/2 3U tear at access bole
8 3/4 Both cap welds failed

2 1 1/8 20f below
Center

2 3/16 "

31/4 Center
4 ~~1/14 M eo

Center
5 3/8
6 1/2
7 " 3/14 "
8 " 1 F Failed at weld

2 1 " 1/8 Center Rewelded Shell
2 148 U

4 1/2

6 " 1 18" long see opened in top cap
7 U Weld repaired - Top cap separated

at weld
8 ' i-i/2 U Weld repaired - Top cap failed at

weld

2 1 ailf-Buried in 3/* Center Both caps blown off at welds

2 U 3/4 " eelded inside and outside
and access hole reirforee4.

3 1 r long crack in cap sepent.
4 1-1/2 Cc repaired.
5 2 Sliht bulging at midpoint of

6 3 lcreased. bulging at midpoint
of shell.
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Plastic Response of Shells (Cozt'd.)

Rounu-by-Round Test Results

Shell Trial Test Condition Explosi-e Explosive Remarks
No. Charge Charge

Weight (lb.) ,4cation

7 3 Increed bulging at midpoint
of .hell.

8.35 V-, smU vertical cracks in
weld at Juncture of upper cap
and cylindrical siection.

9 3.84 Ten vertical cracks arounm shell
at juncture of upper cap and
cylindrical section. Reinforce-
snt ring partially torn from
access bole. Inceased bulging of
shell.

2 1 Half-Embedded in 1/8 Center
Concrete

2 1/4
3 1 1/4
4 3/8
5 3/8
6 1/2
7 1/2
8 3/4
9 3 3/4

10 1

12 1-1/2 M-ree 1-1/2" !,,mg cracg at
access hole.

13 2 Shell failed at weld at juncture
of lower cap with cyl. section.
Upper portion -if sbel jas blowzn
abo-t, 200' into air. Concrrte
cracked on all sides.

3 1 Ralf-Buried in 3 Center
Earth

2 4.9I4
3 8.4u4
4 9.88
5 11.63
6 "14.9I47 25.75 Shel'l tailed by tesring

initiated &t access hc~le.
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Round-by-Round Strain Gage IDta

5-Ft. caped Cylinder Suspended in Air

Round S 178 Round No. 179
Cuarwge Weigt - 3/16 lb. Charge Weight - 1/4 lb.
Charge location - Center Charge Location - Center

Gage Peak Strain Gage Peak Strain
No. x 1o6 No. x 1o6

1 1
2 2 -
3 1400 3 1400
4 1900 4 -
5 150 5 1500
6 900 6 1050
7 2100 7 1800
8 750 8 1750
9 1300 1700

10 820 10 JiC9
11 1800 1 15' 00
12 3900 12 -
13 1900 13 1300
14 - 14 -
15 1100 15 1050
16 900 16 1500

Round No. 180 Round No. 181
Charge Weight - 1/4 lb. Charge Weight - 1/2 lb.
Charge Location - Center Charge Location - Ceuter

x•.. 106 Xo ....

1 - 1
2 2

3 - 3 -
4 -4-

5 1000 1 i40
6 700 6 11oo
7 1200 7 1500
8 600 8 920
9 2200 9 2000

10 800 10 700
11 1700 11 1800
12 - 12 -

13 1200 13 20uO
14 - 14 -15 1600 15 1600
16 ýý0 16 2000

*Dashes in theee tables indicate that calibration step Dr trace was
w3t Impressed on the record.
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RoundbyRound Strain Gage Data (Cont '.)

Round No. 182 Round No. 187Charge Weight - 3/4 lb. Charge Weight - 1/8 lb.CLArge Location - Certer Charge Location 20" below Center

Gage Peak Stgain Gage Peak StranNo. x 10 No. x 10o•

2 23 3 7104 4 50•
5 1&)0 5 816 1200 67 21&o 7 9008 8 0oo9 2300 910 1200 10 550

31i 2300 11 9-12 12 5702000 13 110014 - 14 62015 2500 l5 60016 1200 16 70O

Rouad No. 188 Rcrtm 3b. 189Charge Weight - 3/16 lb. Charge Weight - 1/4 lb.
Charge Location - 20" belov Center Charge Location - Center

Gage Peak Strain Gage- Peak Etra~irNo. x -. NO. x,

1 1 -
2 2 .3 840 3 l1.0
4 1~4o0 720

1000 5 14006 .6 -7 12-C0 7 1400- 8o0 8 1o00
9 1300 9 2000IC 700 10 93011 110o 11 150012 900 12 arJ(013 1500 13 2140014 900 14 1200

15 i5 1
16 1100 16 1oo0
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Round-by-Round Strain Gage Data (Cont'd.)

Round No. 190 Round No. 191Charge Weight - 1/4 lb. Chu-rge Weight - 3/8 lb.Charge Location-20" below Center Charge Location-20" below Center

Gage Peak Strain Gage Peak StrainNo. x No. x 106

1 1 .
2 2
3 700 3 800

720 14
1300 5 11O06 67 980 7 1800

8 810 8 9709 14oo 9 120o10 870 10 700
11 1300 11 130012 19W0 12 180C
13 l110 13 130014 880 14 95015 810 15 70016 690 16 870

Round No. 194 Round No. 220
Charge Weight - 1 lb. Charge Weight - 1/8 lb.Charge Location-20" below (bnter Charge Lxcation - Center

Gage Peak SG Peak StrainNo. X0 No. x 106

1 1 510
2 2 2303 3 490

4-4 4005 3400 5 -6 . 6 5807 3500 7 -
S- 8 480

9 2200 9 30W10 10 49011 2000 U -12 _ 12 350
15 - 13 100014 - 14 40015 15 42016 16 1480
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Round-by-Rouw4 Strain Gag- Data (Cont'd.)

Rowa No. 221 PRoud No. 222Charge Weight - 1/8 ib. Charge Weight - 1/6 lb.Charge Location - Center Charge Location - enter

Gage Peak Stain Gage Peak St;&lnNo. x 10° No. x W00

1 710 1 5802 24c 2 2503 520 3 530
4 500 4 550
5 5 -
6 530 6 6107 - 7 -

540 8 6909 970 9 160010 4o 10 530
11 - 11 .
I? 67r 12 57013 900 13 11DO14 390 14 60015 520 15 490
16 51G 16 1l00

Round No. 223 Round No. 224Charge Weight - 1/2 lb. Charge Weight - 3/4 lb.Charge Location - Center Charge Location - Center

Gage Peak Stain Gage Peak StsiNo. x lO0 No. v 1I

1 1700 1 15002 430 2 L30
3 1200 3 930
4 1200 4 94o5 -

-6 . 6 _
7 7
8 1200 8 88C
9 1300 9 130010 770 10 -11 0 / "12 60 12 550

13 550 15
.14 880 14 86015 940 1582--16 1300 16 38o
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Bond-bl-BOU -train Gage Data (C.nt.d.)

Round No. 225 Round No. 226Charge WeigLt - 1.08 lb. Charge Weight - 1.08 lb.(CTh.rg-e Location - Center Charge Loca.tion - Center

Goage Peak Strain Gage Peak StraiaNO. x 106  0. x0o6

1 -12 660 2 7303 90 3 16004 750 4 .
1500 5

6 750
7 -7

9 0 9 1400
10 880 10 830
i ll - U1 112 880 12 85013 2100 !3 17•0

:4- 14 880
1U06 15 -
1200 16

Round No. 22T
Charge Weight - 1-1/2 lb.

buo•ge Location - Center

Ge Peak Stgain
No. x 10

1
2 880
3 880
4-

6

8 295009 950

10
12 2500
13 -
14 -

16

3'



Bioimd-b.Y-Round Btrair Gage Data

5-Ft. Caned Cýlinder Partial& bedd in concrete

Round go. 2T7 Round No. 208 Round go. 209
Merge Weight - 0.12 lb. Charge Weight - 0.25 lb. Charge Weight - 0.25 lb.
Charge Location - Center Charge location - Center Mlarge Location - Center

SPeP e n
Gage Feak Stva Gage Pkt~ak GagePaksti

_0. x N61. O.

9 630 9 900 9 800
10 430 10 570 10 920
U 1300 11 2300 11 2400
13 1iaG 13 160 13
14i 480 14 630 14 6;0
15 1300 15 800 15 540

Round No. 210 Round go. 211 Round No. 212
Charge Weight - 0.37 lb. Charge Weight - 0.37 lb. Charge Weight - o. 52 lb.
Charge Location - Center Charge location - Center Chwrge location - Center

GaeV Peek Sti Gage GekSri age Pa ti
No. x 10 No. NO. x

I - 1 1900 1 3400
9 540 9 650 9 600

10 I=00 10 800 10 600
ULI 2700 11 2900 11 2200

1A rw i4 1100o 14 760&
15 750 15 1300 15 1400

Round No. 214i Roun No. 216
Cerge Weight - 0.79 lb. Carge Weight - 1.07 lb.
Charge Location - Center Charge location - icenter

Gagp Peak Strain Gage Pek train
No. x 10 NO. xi

9 800 9 830
10 1200 10 1100
11 2100 11 i1o0I1 17OO 14 1200
15 1200 15 1700
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